During development target-derived neurotrophins promote the survival of neurons. However, mature neurons no longer depend on the target for survival. Do target-derived neurotrophins retain retrograde signaling functions in mature neurons, and, if so, how are they executed? We addressed this question by using a phosphotyrosine-directed antibody to locate activated Trk receptors in adult rat sciatic nerve. We show that catalytically active Trk receptors are located within the axon of adult rat sciatic nerve and that they are distributed throughout the length of the axons. These catalytically active receptors are phosphorylated on tyrosine at a position that couples them to the signalgenerating proteins Ras and PI3 kinase. Neurotrophin applied at sciatic nerve terminals increases both catalytic activity and phosphorylation state of Trk receptors at distant points within the axons. Trk activation initiated at the nerve terminals propagates through the axon toward the nerve cell body at an initial rate that exceeds that of conventional vesicular transport. However, our data suggest that this rapid signal is nevertheless vesicle-associated. Thus, in mature nerves, activated Trk receptors function as rapid retrograde signal carriers to execute remote responses to target-derived neurotrophins.
During development target-derived neurotrophins promote the survival of neurons. However, mature neurons no longer depend on the target for survival. Do target-derived neurotrophins retain retrograde signaling functions in mature neurons, and, if so, how are they executed? We addressed this question by using a phosphotyrosine-directed antibody to locate activated Trk receptors in adult rat sciatic nerve. We show that catalytically active Trk receptors are located within the axon of adult rat sciatic nerve and that they are distributed throughout the length of the axons. These catalytically active receptors are phosphorylated on tyrosine at a position that couples them to the signalgenerating proteins Ras and PI3 kinase. Neurotrophin applied at sciatic nerve terminals increases both catalytic activity and phosphorylation state of Trk receptors at distant points within the axons. Trk activation initiated at the nerve terminals propagates through the axon toward the nerve cell body at an initial rate that exceeds that of conventional vesicular transport. However, our data suggest that this rapid signal is nevertheless vesicle-associated. Thus, in mature nerves, activated Trk receptors function as rapid retrograde signal carriers to execute remote responses to target-derived neurotrophins.
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Target-derived neurotrophins evoke diverse responses in presynaptic neurons, including effects on survival, neurite outgrowth, and synaptic modulation (Levi-Montalcini and Angeletti, 1968; Levi-Montalcini, 1987; Barde, 1989; Snider and Johnson, 1989; Deckwerth and Johnson, 1993; Lai et al., 1993; Raffioni et al., 1993; Vogel, 1993; Mehler and Kessler, 1994) . Some of these effects are local in nature (C ampenot, 1982 , 1987 Diamond et al., 1992b) , whereas other responses require that neurotrophins, presented at the nerve terminals, initiate an intracellular signal that travels through the axon to the remote cell body (Hendry and Crouch, 1991; C ampenot, 1994) .
Both local and long distance neurotrophic f unctions are initiated by ligand binding and activation of receptor tyrosine kinases: TrkA for NGF, TrkB for BDN F, and neurotrophin (NT) NT4/5 and TrkC for N T3 (Bothwell, 1991; Barbacid, 1994) . The activated receptors initiate local signaling at the membrane and also initiate signaling cascades that traverse the cytoplasm and culminate in the nucleus with transcriptional changes (Segal and Greenberg, 1996) . Three models have been proposed to explain how signal transduction pathways convey a retrograde signal from a nerve terminal through an axon to a distant cell body (Hendry and Crouch, 1993; Campenot, 1994) . The central feature of the first model is that target-derived neurotrophins are transported in vesicles from nerve terminals to cell bodies. On arrival at the cell body, neurotrophin receptors are activated and initiate signal transduction pathways. This model predicts that retrograde transport of neurotrophin to the cell body is sufficient for signaling and that neurotrophin receptors are activated exclusively within the cell body.
A second model is that neurotrophins bind and activate receptors at nerve terminals. Activated receptors then interact with and activate downstream mediators. In this model the axon could be considered an extension of the cell body cytoplasm, with active vesicular transport conveying downstream signaling molecules to the nucleus to complete the signal transduction cascade (Johanson et al., 1995) . One prediction of this model is that neurotrophins activate receptors only at the nerve endings.
In a third model, receptors are activated by neurotrophins at nerve terminals and thereby initiate local signaling pathways. However, internalized activated receptors also are transported through the axon toward the nerve cell body. Activated receptors, alone or in a ligand-receptor complex, continue to activate downstream signal transduction pathways en route. Indeed, neurotrophin receptors are internalized after activation (Hosang and Shooter, 1987; Kahle et al., 1994) and undergo retrograde transport (Johnson et al., 1987; Raivich et al., 1991; Loy et al., 1994; Ehlers et al., 1995) . Receptor internalization generally is considered a component of signal termination and receptor recycling rather than signal transduction (Sorkin and Waters, 1993) . However, the possibility that Trk internalization might be part of a signaling pathway is bolstered by recent demonstrations that vesicle-associated Trk receptors in PC12 cells are phosphorylated (Grimes et al., 1996) and that receptor endocytosis actually stimulates some signaling molecules (Vieria et al., 1996) . A prediction of this model for retrograde signaling is that activated receptors are distributed throughout the axon and are engaged in signal transduction.
Each model for retrograde signaling predicts a distinct distribution of activated neurotrophin receptors. To test these models, we used an antibody that recognizes phosphorylated Trks to visualize activated receptors within adult rat sciatic nerve. We found that activated Trks are distributed along the length of sciatic nerve axons and that phosphorylation state and catalytic activity of axonal Trk receptors are regulated by neurotrophins applied at nerve terminals. The response to exogenous neurotrophin is surprisingly rapid. These data suggest that phosphorylated Trks propagate a retrograde signal in axons in the adult nervous system.
MATERIALS AND METHODS Reagents
Anti-pY490 polyclonal antisera were raised against a phosphopeptide (V I EN PQpYFGI TNS) corresponding to the conserved Shc recognition site of all Trks . Anti-Trk and anti-TrkB were generous gifts from Dr. David Kaplan (Montréal Neurological Institute, Montréal, Québec, C anada). Anti-Trk is an antibody to the C -terminal tail of Trk (Hempstead et al., 1992) . The TrkB-specific antibody was raised against a peptide in the intracellular domain of TrkB. The anti-phosphotyrosine antibody (4G10) (Druker et al., 1989 ) was a gift of Dr. Thomas Roberts (Dana-Farber C ancer Institute, Boston, M A). The Shc antibody was purchased from Upstate Biologicals (UBI, Lake Placid, N Y). Recombinant human BDN F and N T3 were generous gifts of Dr. Andrew Welcher and Amgen (Thousand Oaks, CA). NGF was purchased from Life Technologies (Grand Island, N Y). The peptides used for competition experiments were generated as described : the Y490 unphosphorylated peptide (V I EN PQYFGI TNS) and the N PXpY site of the erbB2 receptor (AEN PEpYLGLDV PV).
Immunohistochemistry
Trk 3T3 cells were plated onto poly-D-lysine-coated coverslips in 24-well tissue culture plates. Quiescent cells were stimulated by the addition of 100 ng /ml neurotrophin or 0.1% BSA in PBS for 5 min; stimulation with vehicle alone served as a control. Untransfected N IH3T3 cells were stimulated with a cocktail of 50 ng /ml of each neurotrophin. The cells were fixed for 20 min in 4% paraformaldehyde in TBS and 1 mM sodium ortho vanadate, washed with TBS, and then permeabilized with 5% normal goat serum (NGS) and 0.5% N P-40 in TBS/ vanadate for 1 hr. C ells were washed briefly and incubated with anti-pY490 (1:25) in 2% NGS in TBS/ vanadate overnight at 4°C. For anti-pY490 staining and competition, the antibody was preincubated for 30 min at room temperature with a 100 nM concentration of the phosphopeptide immunogen, the corresponding unphosphorylated peptide, or a phosphopeptide representing the N PX Y domain of the erbB2 receptor tyrosine kinase. Staining was visualized by avidin -biotin -HRP (Vector Labs, Burlingame, CA), followed by diaminobenzidine (DAB; Sigma, St. L ouis, MO), according to the manufacturers' procedures. Coverslips were mounted in Immumount (Shandon, Pittsburgh, PA).
Immunostaining of sciatic nerves. Anesthetized adult male Sprague Dawley rats (230 -300 gm) were perf used intracardially with 4% paraformaldehyde in TBS/ vanadate. Sciatic nerves were harvested and postfixed for 6 hr. After incubation in 30% sucrose, nerves were embedded in Tissue Tek embedding media (Miles, Elkhart, I N) and frozen on dry ice. Cryostat sections (7.5-10 m thickness) were cut and mounted onto coated slides (Fisher, Springfield, NJ) . Then the sections were stained with the pY490 antibody, as described above. For double labeling, sections were incubated with both anti-pY490 and anti-␣-acetylated tubulin (6-11-B1, Sigma) or anti-clathrin (IC N Biomedicals, Costa Mesa, CA) overnight at 4°C, followed by incubation with C y3-conjugated goat antirabbit IgG and C y2-conjugated goat anti-mouse IgG (Jackson Immunochemicals, West Grove, PA) in 2% NGS in TBS/ vanadate for 1 hr.
Immunostaining of wild-t ype and BDNF Ϫ/Ϫ hippocampus. BDN F Ϫ/Ϫ and ϩ/ϩ littermates were identified by PCR analysis. At postnatal day 14, anesthetized animals were perf used with 4% paraformaldehyde in PBS. Brains were removed, post-fixed in paraformaldehyde, and then infiltrated with sucrose. Coronal cryostat sections (15 m) were cut and immunostained with pY490 and C y3, as described above. To ensure specificity of staining, we performed peptide competitions with the phosphopeptide immunogen, the corresponding unphosphorylated peptide, and the erbB2 N PXpY peptide. Double staining with a monoclonal antibody to calbindin (Sigma) was done to facilitate identification of hippocampal structures.
Ligation
Adult male rats (Sprague Dawley; 230 -300 gm) were anesthetized with Nembutal, and one of their sciatic nerves was exposed. The nerve was ligated ϳ2 cm proximal to the gastrocnemius muscle. T wo ligatures were made adjacent to each other with 6 -0 silk. The animals were allowed to recover and were perf used 24 hr after ligation, as described above.
Protein lysates
N IH3T3 cells stably transfected with rat TrkA, rat TrkB, or porcine TrkC Lamballe et al., 1991; Soppet et al., 1991) and PC12 cells that overexpress TrkA (Hempstead et al., 1992) were a gift of Dr. David Kaplan. The Trk 3T3 cells were grown in DM EM with 10% bovine calf serum, penicillin /streptomycin, glutamine, and 200 g /ml Geneticin (G418). TrkPC12 cells were grown in the same media with 5% horse serum. TrkPC12 cells and TrkB 3T3 cells were changed to serumfree media 1 hr before stimulation by the addition of NGF or BDN F (50 ng /ml) for 5 min. C ells were harvested in lysis buffer (20 mM Tris, pH 8, 137 mM NaC l, 1% N P-40, 10% glycerol, 50 mM NaF, 10 mM NaPPi, 1 mM PMSF, 10 g /ml aprotinin, 20 M leupeptin, 2 mM Na orthovanadate, and 1 mM Z nC l), mixed for 15 min at 4°C, and cleared by centrif ugation.
Sciatic nerves were harvested from adult male rats (Sprague Dawley; 225-300 gm) anesthetized with Nembutal. Nerves were frozen rapidly in liquid nitrogen and stored at Ϫ80°C. For each sample, three whole nerves or eight nerve segments were pooled. Sciatic nerve extracts were made by mincing the nerve segments on dry ice and homogenizing them in a ground glass Dounce in lysis buffer. The extracts were incubated at 4°C for 15 min and cleared by centrif ugation. Protein concentration in extracts was measured by Bio-Rad Protein Assay (Bio-Rad, Melville, N Y). E xtracts were stored at Ϫ80°C for up to 1 month before use.
Immunoprecipitation and immunoblot analysis
E xtracts were immunoprecipitated with either anti-Trk or anti-pY490 or with no antibody. Sciatic nerve extracts (10 -15 mg) and TrkB 3T3 cell extracts (0.5-1 mg) were immunoprecipitated with anti-Trk at a 1:100 dilution or with anti-pY490 at a 1:50 -1:100 dilution. In competition experiments 100 nM peptide was preincubated with the pY490 antibody for 30 min at room temperature, and 100 nM peptide was added to the extracts. E xtracts and antibody were incubated for 2 hr at 4°C. Protein A-Sepharose beads (50 ml) (Pharmacia Biotech, Uppsala, Sweden) in lysis buffer, preincubated with 10% BSA, were added to the extracts and incubated for 1 hr at 4°C. The beads were washed three times with lysis buffer, twice with 1 M LiC l in 20 mM Tris, pH 7, and twice with 20 mM Tris, pH 7. Washed beads were resuspended in 2ϫ reducing sample buffer and boiled for 5 min before being size-fractionated on a 7.5% SDS-polyacrylamide gel. The gels were transferred to Immobilon P membranes (Millipore, Bedford, M A), and the blots were blocked in Blotto (5% nonfat dry milk in TBS) overnight at 4°C and then incubated overnight at 4°C with anti-pY490 (1:500), anti-Trk (1:2000), or anti-TrkB (1:1000) in Blotto. The blots were washed in Tris-buffered saline -T ween and incubated with a horseradish peroxidase-labeled goat anti-rabbit IgG (Bio-Rad), followed by visualization with enhanced chemiluminescence substrate (Amersham, Arlington Heights, IL). Alternatively, blots were incubated with anti-phosphotyrosine (4G10) for 1 hr at room temperature, followed by a horseradish peroxidase-labeled goat anti-mouse IgG (Bio-Rad), followed by enhanced chemiluminescence.
BDNF injections
Sciatic nerves of anesthetized adult male rats were exposed at the gastrocnemius muscle. Recombinant human BDN F (Amgen) or cytochrome C (Sigma) suspended in PBS was injected into the gastrocnemius muscle of separate rats at a dose of 5 g /gm rat, using a Hamilton syringe (ϳ75-100 l /muscle). In cut nerve experiments, sciatic nerves were cut near the gastrocnemius muscle before injection. At 10, 30, or 60 min after injection, sciatic nerves were harvested in three segments. One segment extended from 1 to 3 cm from the injection site (ϳ0.25 to 2.25 cm from the muscle belly). T wo additional segments were taken from 3 to 5 cm and from 5 to 7 cm from the injection site. Samples were quick-frozen in liquid nitrogen and processed as described above.
In vitro k inase assay
Sciatic nerve extracts and TrkPC12 cells were immunoprecipitated with anti-Trk. For peptide competition experiments, the Trk antibody was incubated with 5 M peptide immunogen. Immunoprecipitates were washed once with lysis buffer, twice with 1 M LiC l in 20 mM Tris, and once in kinase buffer (10 mM Tris, pH 7.4, and 10 mM MnC l 2 ). The immunoprecipitates were incubated with ϳ20 C i ␥-32 P-ATP in 30 l of kinase buffer for 15 min at room temperature, washed twice with cold PBS, and size-fractionated on a 7.5% SDS-polyacrylamide gel. For Trk kinase inhibition, 200 nM K252a (Kamiya Biomedical, Thousand Oaks, CA) was included in the kinase buffer. The gel was dried, and the bands were visualized with a PhosphoImager (Molecular Dynamics, Sunny vale, CA).
Shc association
Sciatic nerve extracts were precleared with Protein A-Sepharose beads, immunoprecipitated with anti-Shc, and washed twice with lysis buffer and once with 20 mM Tris. Then immunoprecipitated proteins were size-fractionated and immunoblotted with anti-pY490 as described above.
Quantitation
TrkB proteins from pY490 immunoprecipitates were electrophoresed and immunoblotted with anti-phosphotyrosine or anti-TrkB. Films of the protein bands visualized by enhanced chemiluminescence were quantitated on an L K B Ultroscan II Enhanced Laser Densitometer. Three exposures from each experiment were scanned to ensure that quantitation was done in a linear range. The ratio between the BDN F-injected rats and cytochrome C -injected rats within each experiment was calculated for each protein band. The quantitative data from five or six independent experiments were analyzed. p values were calculated by using nonparametric statistics (one sample sign test for comparison, with an expected ratio of 1.0).
RESULTS

Antibody pY490 detects Trks phosphorylated at the Shc binding site
To determine where and when Trk receptors are activated in neurons in vivo, we needed an immunochemical probe that could discriminate activated and inactivated receptor isoforms. In previous studies we described an antibody, pY490, directed against the phosphorylated epitope of an N PX Y motif that serves as a Shc binding site in the neurotrophin receptors . To validate this antibody as an immunohistochemical reagent, we used N IH3T3 cells that had been transfected with the receptors for NGF, BDN F, or N T3 (TrkA, TrkB, or TrkC, respectively) Lamballe et al., 1991; Soppet et al., 1991) . As shown in Figure 1 , no pY490 immunostaining is observed in untransfected N IH3T3 cells. Control cells stimulated with vehicle alone show faint immunostaining, which reflects the fact that Trk 3T3 cells have a low level of constitutive receptor phosphorylation . Robust pY490 immunostaining is evident in these 3T3 cells after stimulation with the appropriate neurotrophin. Immunostaining is localized primarily to the plasma membrane of the cells, although occasionally staining is most intense in the vicinity of the nucleus. Peptide competition experiments were done to verif y the specificity of the staining (Fig. 1) . Immunostaining was abolished by preincubation of the antibody with its phosphopeptide immunogen. Preincubation of the antibody with the unphosphorylated peptide or a phosphopeptide corresponding to the NPXpY motif of the erbB2 receptor did not abolish the staining.
The sensitivity of the pY490 antibody for detecting physiological changes in Trk phosphorylation has been tested in vivo. Hippocampal staining with anti-pY490 is reduced in BDNF Ϫ/Ϫ animals, as compared with wild-type controls (data not shown), whereas seizures increase pY490 immunostaining (J. Park and C. Stiles, unpublished observations). The pY490 antibody therefore can be used to detect activated TrkA, TrkB, and TrkC in immunocytochemistry as well as in biochemical analysis.
Phospho-Trk antibodies reveal activated Trks in rat sciatic nerve
As shown in Figure 2 , activated Trk receptors can be found in the adult rat sciatic nerve. Figure 2 A shows longitudinal sections of adult rat sciatic nerve immunostained with anti-pY490. Peptide competition experiments (Fig. 2 B-D) were done to establish that the antibody specifically recognizes phosphorylated Trks in the nerve. Immunostaining is abolished by preincubation of the antibody with its phosphopeptide immunogen, but not by preincubation of the antibody with the corresponding unphosphorylated peptide or a phosphopeptide corresponding to the NPXpY motif of the erbB2 receptor. The presence of activated receptors in sciatic nerve, as assayed with anti-pY490, indicates that neurotrophins are active in the adult peripheral nervous system.
Activated Trks are present along the length of axons
Each of the models of neurotrophin signaling outlined above predicts a particular distribution of activated Trks within axons. To distinguish among the diverse models, we investigated the localization of activated Trks within the sciatic nerve. To determine how activated Trk receptors are distributed in the 6 -7 cm of length between the cell bodies and the nerve terminals of the sciatic nerve, longitudinal sections from five sequential 1 cm segments were immunostained with anti-pY490. Representative pictures from each segment are shown in Figure 3 . Activated Trks are evident in axons in panels A-E, suggesting that activated Trks are distributed uniformly within axons along the entire length of the sciatic nerve. A similar percentage of axons is stained in each segment. The uniform distribution of activated Trks along the length of axons is consistent with a model of retrograde signaling wherein Trk functions as a retrograde signal carrier.
The appearance of pY490 immunostaining in Figures 2 and 3 suggests that activated receptors are found within axons. To confirm this impression, we costained sections of sciatic nerve with anti-pY490 and an antibody to acetylated ␣-tubulin, a marker of axons (Chitnis and Kuwada, 1990 ). Figure 4 A shows that activated Trks are present in axons of the sciatic nerve. Further double-staining experiments were done with antibodies to ␣-tubulin, neurofilament proteins, and S-100 (data not shown). These costaining experiments confirm that activated Trks are confined to axons and are not present in Schwann cells or perineurial fibroblasts.
These experiments also demonstrate that activated Trks are not found in all axons but are restricted to a subset of axons in the nerve. All of the pY490 immunoreactive axons also stained with the antibody to acetylated tubulin. However, only 10 -40% of the axons in the nerve are stained with the pY490 antibody. The subset of axons that have detectable levels of activated Trk within them does not represent an obvious class of axons in the nerve (e.g., unmyelinated vs myelinated). Although virtually all neurons that travel in the sciatic nerve express one of the Trk species, it is important to note that we are visualizing phosphorylated Trks within axons at one instant in time. Therefore, the subset of axons that have detectable pY490 immunostaining may reflect transient phosphorylation of Trks rather than the segregation of activated Trks within one type of axon.
Activated Trks accumulate distal to a ligation
To determine whether phosphorylated Trk receptors in the axons are involved in retrograde signaling, we interrupted transport through the sciatic nerve by ligation. We then immunostained the nerves 24 hr after ligation (Fig. 4 B) . Activated Trk receptors, detected with anti-pY490, accumulate in axons on the distal side of the ligation, but not on the proximal side, indicating that phosphorylated Trks are moving from the synapse toward the cell body. Nerve ligation interrupts vesicular transport and results in an accumulation of vesicles at the ligation site but also might interrupt nonvesicular movement. Clathrin, a protein component of coated vesicles, accumulates in axons on the distal side of the ligation and colocalizes with phosphorylated Trks (Fig. 4 B) . These results suggest that phosphorylated Trk receptors are traveling by retrograde vesicular transport.
Anti-pY 490 recognizes activated Trks in nerve extracts
To verify that the immunohistochemical images displayed by pY490 in rat sciatic nerve correspond to activated Trks, we Figure 4 . Activated Trk receptors are confined to axons in the sciatic nerve and accumulate distal to a ligation. A, L ongitudinal sections of adult rat sciatic nerve were immunostained with anti-acetylated ␣-tubulin (acet ylated tubulin) and anti-pY490 ( pY490), as described, and viewed with fluorescence optics. Double labeling is shown in sections viewed with both fluorescein and rhodamine filters (double). All axons in the sciatic nerve are labeled by the acetylated tubulin antibody. In contrast, fewer axons are stained by anti-pY490. Colocalization is apparent as yellow in the double panels, demonstrating that pY490 labels only a subset of axons. Another field viewed at higher magnification (second row) shows that the anti-pY490 staining colocalizes with the acetylated tubulin staining, verif ying that the pY490 immunostaining is present in axons of the sciatic nerve. Scale bars: First row, 50 m; second row, 25 m. B, The sciatic nerve of an adult rat was ligated ϳ2 cm from the gastrocnemius muscle to interrupt vesicular transport. At 24 hr after ligation the nerve was harvested, and longitudinal sections of the nerve were immunostained with an antibody to the coated vesicle protein, clathrin and anti-pY490. The portion of nerve distal to the ligation site is shown with the ligation site to the right. C lathrin immunostaining shows accumulation of clathrin in axons on the distal side of the ligation (clathrin). Phosphorylated Trks, as shown by pY490 immunostaining, also accumulate on the distal side of the ligation ( pY490). Costaining shows that phosphorylated Trks colocalize with clathrin (double). Scale bar, 50 m. performed biochemical analyses. These verified the nature of anti-pY490 immunoreactive proteins and provided a quantitative method for analyzing responses to exogenous neurotrophin. In these and subsequent biochemical analyses we chose to focus on activation of TrkB, because recombinant neurotrophins can be administered readily as a bolus injection to gastrocnemius muscle, and the BDN F receptor TrkB is the most abundant receptor at motor nerve terminals.
Sciatic nerve extracts were immunoprecipitated with a pan-Trk antibody that recognizes all f ull-length Trk species. These immunoprecipitates were size-fractionated and then immunoblotted with anti-pY490, anti-Trk, and anti-TrkB (Fig. 5A ). An artifactual band at 165 kDa is seen in all immunoprecipitates of sciatic nerve and represents a protein that is brought down by protein A-Sepharose beads. This band is variably recognized by antiimmunoglobulin secondary antibodies, as shown in the no antibody lanes. Anti-pY490 recognizes a diff use band at 140 -150 kDa and a single band with molecular mass of 180 kDa. The broad band at 140 -150 kDa also is recognized by the pan-Trk antibody. The TrkB antibody recognizes a subset of protein within the broad band. Thus anti-pY490 recognizes activated TrkB from sciatic nerve lysates and also detects activated TrkA and/or TrkC immunoprecipitated by the pan-Trk antibody.
Anti-pY490 also recognizes a 180 kDa protein within pan-Trk immunoprecipitates. This higher molecular weight species reacts weakly with the anti-TrkB antibody used here as well as a different antibody specific for TrkB (data not shown). On the basis of these results, the higher molecular weight protein may be a TrkB isoform analogous to higher molecular weight forms of TrkA reported in rat sciatic nerve (Ehlers et al., 1995) .
In Figure 5C we show that anti-pY490 can be used to immunoprecipitate selectively the activated Trks from sciatic nerve lysates. Both the 145 and 180 kDa proteins are immunoprecipitated by pY490 antibody alone and are recognized by antibodies to TrkB or phosphotyrosine. These data confirm that anti-pY490 recognizes phosphorylated Trk receptors in sciatic nerve, including a predominant TrkB species of 145 kDa and a highly phosphorylated 180 kDa form of TrkB. To establish the specificity of pY490 antibody as an immunoprecipitating agent, we preincubated the antibody with the phosphorylated immunogen or the corresponding unphosphorylated peptide (Fig. 5B) . As shown, the phosphopeptide preferentially inhibits immunoprecipitation of all activated Trk isoforms.
TrkB within axons responds to target-derived factors
Activated Trk receptors within the sciatic nerve could be regulated by neurotrophins synthesized by target cells, Schwann cells, and/or neurons. To determine whether the Trk receptors in sciatic nerve axons are activated by target-derived factors, we monitored the response to exogenous neurotrophin. A bolus of BDNF (5 g/gm animal weight) was injected into the gastrocnemius muscle of adult rats. This large muscle is a target of sciatic nerve motor and sensory neurons. Control animals were injected with an equal amount of cytochrome C. At 10, 30, and 60 min after injection, we harvested the nerves in three segments. The distal segment begins 1 cm from the injection site and extends to 3 cm from this site, the middle segment extends from 3 to 5 cm from the injection, and the proximal segment extends from 5 to 7 cm from injection. Protein extracts of these segments were immunoprecipitated with anti-pY490 and immunoblotted with antiphosphotyrosine and with anti-TrkB. For each experiment, sciatic nerves from eight BDNF-injected and eight cytochrome-Cinjected control rats were harvested and pooled.
At 10 min after BDNF injection, there is an increase in the amount of activated TrkB in extracts of the distal nerve segments (Fig. 6, Table 1 ). Using anti-phosphotyrosine or anti-TrkB to blot the pY490 immunoprecipitates, we detected a twofold increase in the 145 kDa form and approximately a fivefold increase in the 180 kDa form (Table 1) . Quantitative analysis of seven independent experiments confirmed that the increases in both protein species are reproducible and statistically significant.
To ensure that the neurotrophin injected into the muscle re- mains localized within this target, we monitored the dispersion of tagged BDN F after injection. We injected biotinylated BDNF into the muscle, harvested both the muscle and the nerve after 10 min, and assayed each for the presence of biotinylated BDNF. Biotinylated BDN F is not detected in the nerve, but it is detected easily in muscle extract (data not shown). These data indicate that the increase in phosphorylated TrkB observed in sciatic nerve is a remote response to neurotrophin in the muscle target. To confirm that the observed signal is traveling through the axon rather than extra-axonally, we cut the nerve at the usual site of excision (ϳ1 cm from the injection site) before injection and then repeated the experiment. No increase in Trk activation was observed when the continuity of the nerve was interrupted (Fig.  6 A) . Collectively, these data indicate that the activation state of Trk receptors within the sciatic nerve is regulated, at least in part, by target-derived neurotrophins, and the response to targetderived factors travels through the nerve itself.
In these biochemical experiments we can analyze specifically the response of TrkB receptors to BDN F. Using immunohistochemistry, we cannot distinguish the identity of the activated Trk receptors. In immunohistochemical experiments with anti-pY490, we did not detect any increase in the number of axons containing activated Trk receptors in distal segments of BDNF injected nerves, as compared with cytochrome C -injected nerves and with control nerves (26% in control and in BDN F-injected). This result may indicate that the increase in TrkB phosphorylation after BDNF injections reflects an increase in the number of activated receptors per axon rather than an increase in the number of axons with activated receptors.
BDNF rapidly activates distant TrkB receptors
A surprising element of axonal TrkB activation in response to target-applied BDNF is that the increased activation in the distal segments is apparent within 10 min and remains apparent at 30 min after injection. Furthermore, Trk activation returns to the basal, unstimulated level by 60 min after the injection (Fig. 6 B , Table 1 ). The return to baseline is likely to reflect further propagation of the signal toward the cell body and receptor downregulation in response to the large bolus of neurotrophin. Thus, the response has traveled 1 cm from the injection site within 10 min and 3 cm from the injection site within 60 min. This corresponds to a rate of signal propagation of 8 -16 m/sec, a rate faster than conventional retrograde vesicular transport, previously reported as 2-5 m/sec (Richardson and Riopelle, 1984; Sheetz et al., 1989; Vallee and Bloom, 1991) . As expected, on the basis of the immunohistochemistry (Fig. 3) anti-pY490 also immunoprecipitated activated Trks from the middle and proximal segments of control and BDNF injected nerves. Thus far we have not detected any significant increase in Trk phosphorylation in these nerve segments at 10, 30, or 60 min after injection.
Axonal Trk has catalytic and signal-generating activities
During neurotrophin signaling Trk receptors act as enzymes that catalyze protein phosphorylation, and they also act as a platform for the assembly of a multimeric signal-generating complex (Segal and Greenberg, 1996) . To determine whether Trks within axons of sciatic nerve are enzymatically active, we performed an in vitro autophosphorylation assay on whole-nerve extracts. In anti-Trk immunoprecipitates we detect autophosphorylation of a broad band at 145 kDa, which corresponds in molecular mass to the major isoforms of TrkA, TrkB, and TrkC (Fig. 7A) . The specificity of these kinase assays for detecting Trk kinase activity was assessed in two ways. Peptide competitions showed that this band is immunoprecipitated specifically by the anti-Trk antibody (Fig.  7A) . Furthermore, autophosphorylation was prevented by the Trk kinase inhibitor K252a (Fig. 7B) .
To determine whether axonal Trk catalytic activity is regulated by target derived neurotrophins, we repeated this experiment on distal segments of sciatic nerve from rats that had been injected A, Cytochrome C (Ϫ) or BDNF (ϩ) was injected into the gastrocnemius muscle of adult rats (intact). In cut nerve experiments (cut), sciatic nerves were cut near the gastrocnemius muscle before injection. Distal segments of sciatic nerves (1-3 cm from the injection site) were harvested 10 min after injection. Nerve extracts were immunoprecipitated with anti-pY490 and immunoblotted with anti-phosphotyrosine ( pY ) or anti-TrkB (TrkB). A nonspecific band is present in the blots at ϳ165 kDa. Both the 145 and 180 kDa TrkB bands (arrows) are increased after BDN F injection (intact). When the nerve is cut before injection, no increase in these bands is observed with BDN F injection (cut). B, C ytochrome C (Ϫ) or BDNF (ϩ) was injected into the gastrocnemius muscle of adult rats. Distal segments of sciatic nerves from these animals were harvested 10 and 60 min after injection. Nerve extracts and unstimulated (Ϫ) or BDNF-stimulated (ϩ) TrkB 3T3 cells were immunoprecipitated with anti-pY490 and immunoblotted with anti-phosphotyrosine (P-tyr). There is an increase in both 145 and 180 kDa Trk bands within 10 min after BDNF injection. By 60 min after injection, the levels of Trk are equal to cytochrome C control (Ϫ).
with BDNF or cytochrome C, as described above. The 145 kDa Trk kinase band can be seen in extracts from unstimulated distal segments, although we used approximately one-half the amount of protein used in whole-nerve experiments. At 10 min after BDNF injection, there is a fourfold increase in autophosphorylation of the 145 kDa Trk proteins within the distal nerve segment (Fig. 7B) . These enzymatic studies provide further evidence that axonal Trks are regulated rapidly by target-derived neurotrophins.
To determine whether axonal Trks also f unction as platforms for the assembly of signal-generating molecules, we looked at receptor association with the crucial signal transduction molecule, Shc. Sciatic nerve extracts were immunoprecipitated with an antibody to Shc and immunoblotted with anti-pY490. Figure 7C shows that activated Trk is associated with Shc in the sciatic nerve. Taken together, our data indicate that, in axons, Trks are phosphorylated at the critical Shc recognition site, are catalytically active kinases, and are associated with Shc. These attributes are regulated by neurotrophin stimulation at the nerve terminals.
DISCUSSION
Functions of neurotrophins in the mature nervous system
Target-derived neurotrophins initiate a retrograde signal that is required for the survival of neurons in the developing peripheral nervous system. However, it has not been clear whether these molecules exert remote effects in the mature nervous system. Using a positionally specific phospho-Trk antibody, we have visualized Trk receptors phosphorylated at the Shc binding site in adult sciatic nerve axons. T yrosine phosphorylation at this site is a particularly good indicator of the ability of Trk to act as a platform for assembly and activation of signaling molecules (Obermeier et al., 1994; Stephens et al., 1994) . Furthermore, axonal Trk receptors are catalytically active and are associated with the signal-generating molecule Shc. The presence of activated receptors in sciatic nerve axons and the demonstration that the receptors are activated in response to neurotrophins applied at distant nerve terminals indicate that target-derived factors continue to exert remote effects on presynaptic neurons throughout life.
What are the f unctions of target-derived factors in mature neurons? Studies by Acheson et al. demonstrate that the survival of adult sensory neurons is dependent on autocrine neurotrophins rather than on factors produced by the targets (Acheson et al., 1995) . However, focally applied neurotrophins can modulate transcriptional changes in response to nerve injury (Friedman et al., 1995) . This raises the possibility that target-derived factors in the adult peripheral nervous system initiate retrograde signals necessary for nerve and synapse maintenance and repair. This is supported by data from the peripheral nervous system and CNS. In the peripheral nervous system NGF increases the caliber of axonal fibers (Gold et al., 1991) , whereas NGF antibodies inhibit the sprouting of adult DRG neurons (Diamond et al., 1992a) . In the C NS long-term potentiation is impaired in mice with targeted gene deletions of BDN F, and this defect is rescued by exogenous neurotrophin (Kang and Shuman, 1995; Korte et al., 1995; Figurov et al., 1996; Patterson et al., 1996) .
What carries the retrograde signal?
Although the f unctions of target-derived neurotrophins in the developing and mature nervous system may differ, in both cases a neurotrophin-initiated signal must be propagated from the nerve terminal to the cell body. Three models for retrograde signaling have been proposed and are outlined above (Hendry and Crouch, 1993; Campenot, 1994) . According to the first model, neurotrophin itself is the agent responsible for retrograde signaling. Although neurotrophins in vivo are internalized specifically and transported retrogradely by responsive neurons, arriving intact at the neuronal cell body (Hendry, 1975; Johnson, 1978; DiStefano et al., 1992) , intracellular injection of neurotrophins fails to elicit a response, and injected neurotrophin antibodies fail to inhibit a response (Heumann et al., 1981; Rohrer et al., 1982) , casting doubt on the hypothesis that internalized neurotrophin is the signal carrier. Our data demonstrating that Trk receptors are activated throughout the axon provide f urther evidence against this model.
The distribution of activated Trk receptors within the sciatic nerve also provides evidence against the second model of signaling, because our data show that activated Trks are all along the axon and not only at the nerve terminal. Thus downstream signaling molecules, such as Ras or M AP K inase, cannot be the only retrograde signal carriers.
Our studies support the hypothesis that Trk receptors function as retrograde signal carriers, as outlined in the third model. In response to neurotrophins delivered to the muscle target, there are rapid increases in phosphorylation state and catalytic activity of axonal Trk receptors located at least 1 cm from the nerve terminal. This response involves an intracellular signal that travels through the nerve, because BDN F-dependent Trk phosphorylation is prevented by nerve transection. Similarly, Ehlers et al. have demonstrated that target-derived NGF can cause, and antibodies to NGF can inhibit, the phosphorylation of TrkA receptors in a ligated nerve (Ehlers et al., 1995) . Thus phosphorylation state and catalytic activity of Trk receptors within sciatic nerve axons reflect the level of neurotrophin at the nerve terminal. Because the phosphorylated Trk receptors within sciatic nerve are catalytically active and are associated with signal-generating molecules, they are ideal agents for propagating a biological response. Are these signal-generating particles associated with neurotrophins? No one has observed a population of neurotrophin that moves within the axon as fast as Trk phosphorylation (Fig. 6 , Table 1 ). Thus, if ligand is associated with the signal-generating complex, it can amount to no more than a small fraction of the total transported neurotrophin within the axon.
The theory that membrane-bound receptors at the nerve terminals and internalized receptors within the axon, whether alone or as part of ligand-receptor complexes, are engaged in signal transduction all along the length of the axon is consistent with data from C ampenot that NGF promotes axonal stability only between the site of NGF application and the cell body (Campenot, 1994) . These en route retrograde effects could be explained by activated receptors that are distributed throughout the axon and are engaged in signal transduction. Surprisingly, although activated receptors are detected all along the length of the nerve, thus far we have found a BDNFinduced increase in TrkB activation within a segment of sciatic nerve that extends from 1 to 3 cm from the injection site and not within the segments of the nerve farther from the injection site. This may reflect technical constraints, in that a smaller proportion of axons in the proximal nerve projects to the gastrocnemius muscle and so any increase may be below the level of detection. Another possibility is that we have not analyzed Trk phosphorylation in the middle and proximal segments at the critical time period. Alternatively, Trk receptors could be signal carriers only in the initial axonal segments. In the f uture it will be critical to link the neurotrophin-induced increase in axonal Trk phosphorylation to somatic responses to determine whether activated Trks are the initial or the sole signal carriers.
The mechanism of rapid signal propagation
Delineating the signal carrier is a first step toward elucidating the mechanism by which a retrograde signal is initiated and propagated through axons. Further studies will be needed to show definitively that phosphorylated Trk is associated with vesicles in neuronal axons, an association previously demonstrated in PC12 cells (Grimes et al., 1996) . However, our data showing that phosphorylated Trk receptors accumulate distal to a ligation are consistent with a model that retrograde transport of vesicleassociated activated receptor propagates the signal.
The surprising finding is the rapidity of the response, which is not consistent with the speed of conventional retrograde vesicular transport. As shown (Fig. 6, Table 1 ), 10 min after injection of BDNF into the gastrocnemius muscle, we detect an increased level of activated TrkB in a segment of nerve that begins at 1 cm and extends to 3 cm from the injection site. Similarly, 10 min after neurotrophin injection we detect an increase in Trk catalytic activity in this nerve segment (Fig. 7) . Thus the signal, as assessed by two independent criteria, has traveled 16 m/sec into this initial nerve segment. If the subsequent return to basal levels of Trk phosphorylation 60 min after neurotrophin injection reflects continued retrograde movement of Trk receptors, then the signal has traveled through the segment at 8 m/sec. Previous studies on neurotrophin transport in rat sciatic nerve have shown that in this system neurotrophins are transported to the cell body at 0.7-2 m/sec (Richardson and Riopelle, 1984) , which is similar to other in vivo and in vitro measurements of vesicular transport and is lower than the rate of Trk signal propagation shown here (Richardson and Riopelle, 1984; Sheetz et al., 1989; Vallee and Bloom, 1991) .
Two mechanisms by which activated Trk could propagate a retrograde signal are consistent with the data shown here. The first possibility is that Trk receptors are activated at the nerve terminals and then endocytosed alone or in a complex with ligand. Activated Trks travel from the nerve terminal by fast retrograde transport. As they move through the axon, activated Trk receptors remain catalytically active and continue to initiate signal transduction pathways by interacting with downstream signaling molecules. At some point, perhaps at the soma, the downstream effectors convey a signal from the vesicle-associated receptor to the nucleus.
An alternative hypothesis is that signal propagation in the initial nerve segment does not reflect the movement of individual molecules of phosphorylated Trk but, instead, represents a rapid change in phosphorylation state of Trk molecules that are distributed throughout the nerve terminal and distal axon. In the future in vitro model systems (Campenot, 1982) will make it possible to determine whether Trk phosphorylation is propagated biochemically or physically through the axon and to ascertain the location and mechanism whereby a retrograde signal is converted from activated receptor to a nuclear response.
